Introduction
The radioactive isotopes of bromine with suitable decay characteristics for in vivo tracer application are of considerable interest in labelling organic compounds according to the analogue approach. Previously the interest was in 75 Br and 77 Br; in recent years 76 Br is attracting more attention. It is a positron emitter, having a halflife of 16.2 h. The end-point energy of the positrons is fairly high (3.9 MeV), which may be somewhat disadvantageous in investigations using positron emission tomography (PET).
Several reviews have been published on the production of bromine isotopes [cf. 1, 2] as well as on the preparation of radiopharmaceuticals labelled with bromine isotopes [cf. 3] . Out of the investigated and potentially useful routes, for the production of 76 Br at a small-sized cyclotron, only the 76 Se( p, n) 76 Br and 78 Kr(d, α) 76 Br reactions are of interest. The cross section data for the 76 Se( p, n) 76 Br reaction have been measured [4, 5] and the production method has been technically developed [cf. 6] . Regarding the later reaction using enriched 78 Kr, no report was found in the literature. The only work reported on deuteron induced reaction on this target dealt with the yield measurement of 75 Br via the 78 Kr(d, αn) 75 Br reaction from 10 to 21.5 MeV [7] . *Author for correspondence (E-mail: b.scholten@fz-juelich.de).
In the present work we studied several deuteron induced reactions on highly enriched 78 Kr in detail. Some preliminary data on the formation of 76 Br have already been reported [8] .
Experimental
The experimental techniques were essentially the same as described in several earlier publications on measurement of cross sections on highly enriched isotopes of krypton [cf. [9] [10] [11] . Some details pertinent to the present work are given below.
Enriched 78 Kr target
Two batches of enriched 78 Kr were used. Their compositions and purities are given in Table 1 . Cylindrical, stainless steel gas cells (20 mm ∅ × 25 mm), filled with enriched 78 Kr to a pressure of 0.42-0.92 bar were stacked together (3-5 cells). Polyimide foil (15 µm thick, Kapton) windows were used in irradiations at Debrecen. At Jülich aluminum foils (25 µm and 50 µm thick) were used as windows. Thin titanium foils (12.5 µm and 20 µm) and in some cases copper foils (10 µm) were inserted in front of the stacks and were used as monitors of beam intensity.
Irradiations and beam current measurement
Irradiations were carried out using the external beam of the compact cyclotron CV 28 in Jülich and the MGC 20E cyclotron in Debrecen. Depending on the primary beam energy several gas cells were stacked and irradiated in a tandem arrangement. In all irradiations only low beam currents (100-200 nA) were used. The beam intensity was monitored by direct collection of the incoming charge in a Faraday cup as well as by using nuclear reactions induced in Ti and Cu foils, which were inserted in front of the gas cells (see above to avoid additional corrections. A summary of all the irradiation conditions is presented in Table 2 . The beam intensities obtained via the Faraday cup and monitor reaction measurements differed in some cases by 20%. For the calculation of the cross section we used the results obtained via monitor reactions.
Measurement of radioactivity
The activity of each cell was determined without chemical separation via standard high-resolution gamma-ray spectroscopy using HPGe detectors. The sources were counted at large distances (0.5 m or larger) from the detector to avoid corrections due to extended source and to reduce the pile up and coincidence effects. On the basis of an independent calibration process it was found that, at the counting distance used, the middle plane of the cell can be regarded as a point source. The estimated relative uncertainty in the detector efficiency was 5%. The measurement was done repeatedly for about 18 to 36 hours to follow the decay of the radioisotopes concerned and for separation of the parent-daughter activities.
The nuclear data for determination of absolute activities from the count rates and for calculation of the decay factors during the irradiations were taken from the literature [cf. 13] and are collected in Table 3 . Considering that the measurements after irradiation were started with some delay, the gamma lines of the short half-lived isomers 76m Br (1.31 s), 77m Br (4.3 min), 79 Kr (50 s) did not appear in our spectra. Therefore we could determine only the cumulative cross sections for the ground state isomers.
Determination of cross section
From the experimentally determined beam intensity and the absolute activity of the product (see above) the cross section for the formation of the product was calculated using the standard activation formula. Two other important factors involved needed careful consideration.
Number of target nuclei
The number of 78 Kr nuclei in the cell was determined from the geometric factors of the target gas, the isotopic composition, the target filling pressure, and the actual temperature. The gas cells were irradiated with low beam intensity to avoid gas density reduction along the beam. No special correction was made for the gas density reduction effect.
Primary bombarding energies and energy degradation
The primary beam energies at the MGC 20E cyclotron were determined on the basis of magnetic deflection. At the CV 28 the primary energies were measured by a modified time of flight method [cf. 14]. The middle energies effective at the monitor foils and the gas cells were determined via calculation [cf. 15] by using the proper thickness and isotopic compositions of the elements along the degraded beam. The available monitor reactions for low energy deuterons did not allow their effective use for the determination of the energy. Therefore the energy scale of each excitation function is based on well-measured primary projectile energies and carefully measured target parameters. 1 .5 ± 0.3 6.00 ± 0. 5 3 .7 ± 0.6 276 ± 53 6.33 ± 0. 4 4 .2 ± 0.7 118 ± 22 6.41 ± 0.5 4 .6 ± 0.9 6.43 ± 0. 5 3 .3 ± 0.6 6.91 ± 0. 5 5 .3 ± 1.0 7.00 ± 0. 5 6 .4 ± 1.0 7.00 ± 0. 4 5 .7 ± 0.9 7.46 ± 0.5 6 .5 ± 1.2 7.48 ± 0.5 8 .5 ± 1.7 387 ± 71 7.55 ± 0. 4 7 .8 ± 1.3 7.55 ± 0. 4 8 .1 ± 1.5 7.77 ± 0. 3 9 .4 ± 1.6 158 ± 31 7.98 ± 0. 4 9 .7 ± 1.9 8.06 ± 0.3 1 0 .5 ± 2.1 8.08 ± 0.3 9 .9 ± 1.9 8.45 ± 0. 
Uncertainties in cross section data
The uncertainties in the cross sections were determined for each target separately from the estimated uncertainties in the contributing parameters of the activation formula: absolute activity (up to 15%), beam current (10%), nuclear data (3%), number of target nuclei (5%-10%). The resulting uncertainty was calculated by quadratic summation of the individual uncertainties and was found to be in the range 15%-20%. The uncertainties in the effective projectile energies were calculated by taking into account the cumulative uncertainties, the inhomogeneities in the degrading target elements and the beam broadening due to straggling. Typical estimated uncertainty in the mean energy was about 0.3 MeV at the front foil of the stack. In long stacks the energy uncertainty could reach 0.7 MeV for the last cell.
Results and discussion

Cross section data
The measured cross sections for the formation of a few radionuclides in deuteron induced reactions on 78 Kr are given in Table 4 . The main contributing processes are listed in Table 3 . Table 4 is thus a sum of the two processes.
Excitation functions
The formation of 75 Br via the 78 Kr(d, αn) reaction was observed only above E d = 10 MeV. The cross section increases with the increasing deuteron energy, reaching a value of 5 mb at 13 MeV. The other investigated processes are discussed below individually. (d, α) 76 Br
Kr
The measured cross sections are sums of metastable and ground state cross sections. The data are plotted as a function of deuteron energy in Fig. 1 . The reaction starts at about 4.5 MeV and reaches a maximum value of 21 mb at about 13 MeV. Its shape is similar to those of other recently investigated (d, α) reactions in the medium mass region [cf. 16, 17] . In general, the cross section of the process is rather low.
Kr(d, n) 79 Rb
The measured data are shown as a function of deuteron energy in Fig. 2 . The threshold of the reaction lies at about 4 MeV. The cross section increases with energy, reaching Fig. 3 . The threshold of the process lies at about 4 MeV. The cross section increases with energy, reaching a maximum value of about 450 mb at 9.0 MeV. Comparing Figs. 2 and 3 one comes to the conclusion that the (d, p) channel is much stronger than the (d, n) reaction, an expected corollary in this mass region.
It should be mentioned that a (d, p) reaction leads to the same product as an (n, γ ) reaction. An estimate of the secondary neutron flux in our irradiations, and considering that the 78 Kr(n, γ ) 79 Kr reaction has a thermal cross section of 6 barns, we estimated the contribution of the (n, γ ) process to the formation of 79 Kr as negligibly small (< 1%) in comparison to that of the (d, p) reaction.
Calculated yield of 76 Br
From the excitation function of the 78 Kr(d, α) 76 Br reaction given in Fig. 1 , the differential and integral yields of 76 Br were calculated for an 1 h irradiation at 1 µA. The results on the integral yield are given in Fig. 4 . Evidently the expected yield of 76 Br is low; for the whole energy range E d = 13 → 4 it amounts only to 59 kBq (1.6 µCi)/µA h.
Evaluation of production possibility
In connection with the production of 75 Br at a small-sized cyclotron the 78 Kr( p, α) 75 Br reaction, originally suggested by Friedman et al. [19] , was recently investigated in detail. Extensive cross section measurements [11] and development of a high-current spherical target [20] have shown that 75 Br can be produced in quantities sufficient for local use. Using the same target gas and a deuteron beam, with the aim to produce 76 Br for local use via the 78 Kr(d, α) reaction, how- ever, does not fulfil the expectation. The yield of 76 Br is so low that it is not meaningful to pursue this route further; particularly in view of the fact that the highly enriched 78 Kr is rather expensive, and the other methods of 76 Br production already in use are more efficient. The same is true for the other two investigated radionuclides, viz.
79 Rb and 79 Kr. If needed they can be produced via more efficient methods than the d-induced reactions on 78 Kr described here.
